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Summary-In the presence of amine-containing sulfhydryl compounds, binding of heat-trans-
formed cytosolic rat liver glucocorticoid receptor complex (GRC) to double-stranded calf
thymus DNA-coated cellulose and to rat liver chromatin was enhanced up to 10-fold. These •
observations were made under conditions when a maximum of 8% of the total GRC bound •
to DNA in the absence of test compound. Compounds which did not contain both a sulfhydryl
and amine group were inactive. Phosphorothioate derivatives of the active sulfhydryl
compounds were also inactive. However, pretreatment of the phosphorothioate compounds •
with alkaline phosphatase restored activity. Upon centrifugation at 8800g, amine-containing -

disulfide compounds at millimolar concentrations caused considerable sedimentation of the
GRC in the absence of DNA-coated cellulose or chromatin and no apparent increase in GRC -

binding to DNA or chromatin. Amine-containing disulfide compounds at micromolar _

concentrati( s did not cause heavy sedimentation of the GRC and enhanced binding of the
GRC to DNA-coated cellulose up to 9.5-fold. Thus, diaminosulfhydryl compounds and the
disulfide 1 ,lg-diamino-6,i3-diaza-9,l0-dithiaoctadecane (WR 149,024) possess both the ability
to restore and preserve the steroid binding capacity of the glucocorticoid receptor and to
enhance binding of the GRC to DNA and chromatin.

INTRODUCTION receptor to form the GRC, transformation of
the GRC to a DNA binding form, and binding

The effect of sulfhydryl, phosphorothioate, of the transformed GRC to glucocorticoid
and disulfide compounds on the DNA binding response elements of DNA, which results in

of heat-transformed rat liver glucocorticoid increased transcription of specific proteins. Both
receptor complex (GRC) was examined to the hormone binding region [6-161 and the
determine if DNA binding of the heat- DNA binding region [4, 9, 17-19] of the gluco-
transformed GRC could be enhanced in the corticoid receptor appear dependent upon the

presence of these compounds. Since previous integrity of the sulfhydryl moieties contained in
studies have shown that the DNA binding re- each region.
gion of the rat glucocorticoid receptor is cys- Previous studies have demonstrated that
teine-rich [1-3] and that the GRC can only bind the sulfhydryl compounds dithiothreitol, glyc-
DNA when in a reduced form [4], the exposure erol, glutathione, and mercaptoethanol, are
of heat-transformed GRC to sulfhydryl corn- capable of preserving and/or restoring the
pounds may increase the affinity of GRC bind- steroid binding capacity of the glucocorticoid
ing to DNA by preserving the oxidation state of receptor in the presence of molybdate ion
the GRC. in vitro [8, 10, 12, 13, 16, 201. Studies in our lab-

In the generally accepted mechanism of oratory [21] have extended the list of protective
glucocorticoid action [3, 5], the glucocorticoid sulfhydryl compounds. We have also demon-
exerts its effects through a series of steps which strated that amine-containing sulfhydryl com-
include binding of the glucocorticoid to the pounds, at cellular concentrations tquivalent to

those obtained after oral dosing, preserve the

*To whom correspondence should be addressed. steroid binding capacity of the glucocorticoid
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receptor in rat hepatocytes in the absence of dithiothreitol, a sulfhydryl compound which

added molybdate ion [21]. does not contain amine, is a potent
Through cloning, sequencing, and expression restorer and preserver of steroid binding

of functional domains of wild-type and mutated capacity [8, 10, 12, 13, 16, 20, 21], dithiothreitol
glucocorticoid receptor proteins, the DNA does not affect GRC binding to DNA. Finally,
binding region of the rat glucocorticoid receptor disulfide derivatives of active diaminosulfhydryl

has been elucidated [1. 3, 22-24]. Eight of the 9 compounds also enhance binding of heat-trans-

cysteine residues located in the DNA binding formed rat liver GRC to calf thymus DNA and

region are conserved in the receptors of the are more potent than the diaminosulfhydryl

steroid and thyroid hormone superfamily and compounds on a molar basis.

are coordinated with two zinc ions [2, 3, 23]. The
zinc ions appear necessary for DNA binding of MATERIALS AND METHODS
human GRC since removal of the zinc abolishes
binding activity and replacement restores bind- Chemicals
ing activity [2]. The importance of the integrity WR 347 • HCI, WR 1065 • 2HCI, WR 1729
of the sulfhydryl moieties in the DNA binding 2HC!, WR 2/21 • -iO', WR 2S23 211.O

region to binding of the GRC to DNA is shown WR 3689• HO, WR 33,278 2HPO4 •HO,
by a number of studies. Silva and Cidlowski [4] WR 149,024.4HCI, WR 151,326 2HCl, WR
demonstrated that the GRC can only bind 151,327 3H,O, and WR 255,591 -2HCI
DNA wien in a reduced form. Young et al. [9] (Table 1) were supplied by the Division of
showed tnat the sulfhydryl-modifying agent Experimental Therapeutics, Walter Reed Army
iodoacetamide prevents binding of GRC to Institute of Research. All compounds were
DNA. Bodwell et al. [17. 18] provided evidence checked for purity by TLC, HPLC, and mass
that sulfhydryl groups are necessary for binding spectral analysis. L-Serine. L-lysine, thioglyc-
of GRC to DNA. Tienrungroj et al. [19] showed erol, 1,4-diaminobutanone and 1,5-diaminopen-
that rat liver cytosol GRC binding to DNA is tane (Table 2) were purchased from Aldrich
inhibited by the sulfhvdry!-.,odifying agent Chemical Co. (Milwaukee, WI). [6,7-
methyl methanethiosulfate and is restored after 3H]Triamcinolone acetonide (32.8 Cimmol)
the addition of dithiothreitol. was purchased from Dupont/New England

With this study, we have established that Nuclear (Boston. MA). Dithiothreitol. 2-mer-

amine-containing sulfhydryl compounds en- captopyridine. HEPES, dextran, alkaline phos-
hance DNA binding of heat-transformed rat phatase (from bovine intestinal mucosa. Type
glucocorticoid receptor to calf thymus DNA VII-S) and deoxyribonucleic acid-cellulose

and to rat liver chromatin in a dose-dependent (double-stranded from calf thymus, 7 mg,/g)
manner, thus adding to their ability to preserve were obtained from Sigma Chemical Co. (St
or restore the steroid binding capacity of the Louis. MO). The charcoal (neutral Norit) and
glucocorticoid receptor [21]. Diaminosulfhydryl chloroacetic acid was obtained from the Fisher
compounds are more active at enhancing GRC Scientific Co. (Fair Lawn, NJ).
binding to DNA than mercaptoethylamine 2-(3-(Aminopropyl)amino][l,2-t4 C]ethane-
which contains a single amine group. Phos- thiol dihydrochloride ([l,2-'4C]WR 1065 -2HCI,

phorothioatc derivotives of active sulfhydryl 55pCi/mg) and 1,18-diamino-6,13-diaza-9,10-

compounds enhance GRC binding to calf dithia[7,8,11,12-' 4C]octadecane tetrahydrochlo-
thymus DNA only after dephosphorylftion ride ([7,8,ll.12-'4C]WR 149,024.4HCI, 28.8
with alkaline phosphatase. Even though uCi/mg) were prepared by Dr John A. Keppler

Table I. Chemical structures of test compounds containing both sulfur and amine groups

Sulfhydryl Phosphorothioate Disulfide

H. NCHŽCH, SH
(WR 341)

H,N(CH 2),NH(CH:),SH HN(CH:),NH(CH.)2SPOH 2  lH. N(CH2 ),NH(CH,).Sl2
(WR 1065) (WR 2721) (WR 33.278)

HN(CH2 ),NH(CH )2SH H, N(CH, ), NHICH,):SPO,•tH 1H1 N(CH,,), NH(CH. l),S1
(WR 1729) (WR 2823) (WR 149.024)

HCNH(CH,),NH(('H,):SH HCNH(CH,),NH(CH 2 ):SPOtH,
(WR 255.591) (WR 3689)

H)CNH(CH:.lNH(CH,),SH HCNH(CH,),NH(CH,7 )SPOH,
(WR 151.326) (WR 151.327)

*i



Enhanced GRC binding to DNA 291

Table 2. Chemical structures of test compounds missing either amine groups or sulfur
atoms

Lacking sulfur atoms Lacking amine groups

HOCHICH(NH,)COOH HSCHXCH(OH)CH(OH)CHSH
(L-Serine) (Dithiothreitol)

HWNCH4.)CH(NH.)COOH HOCH2CH(OH)CHSH
(L-Lysine) (Thioglycerol)

H, N(CHO ), NH.

01,5-Pentanediamine)

HNCHCQ=O)CHCHNH,
{ 1.4-Diamino-2-butanone)

SH
(2-Mercaptopyridine)

at Research Triangle Institute (Research Tri- DNA-coated cellulose assay
angle Park, NC) under Contract No. Transformed GRC solution (80pl) was
DLAML.7-69-C-90b2 to the U.S. Army Medicai placed into tripiicate i.5-im plidut', tubes con-
Research and Development Command. By taining either 320 pl of calf thymus DNA-
TLC, these compounds were at least 95 and coated cellulose suspension (equivalent to 85 pg
97% radiochemically pure, respectively. DNA. suspended in ice-cold 10 mM HEPES

Preparation of transformed GRC buffer. pH 7.3 at 0 C) and the test compound or
320,u1 of the test compound dissolved in the

Adrenalectomized male Sprague-Dawley rats HEPES buffer without the DNA-coated cellu-
were purchased from Zivic Miller Labs (Indi- lose. Triplicate samples that contained no test
anapolis, IN) and were housed a minimum of 7 compound were also included. The samplce
days prior to use. Care and feeding of the rats incubated at O'C for 45 min with gentle vortex-
were performed according to the guidelines in ing every 15 min. Following incubation, the
the U.S. Department of Human and Health samples were diluted with 0.8 ml of ice-cold
Services NIH Publication No. 85-23 Guide Jor HEPES buffer, vortexed, and centrifuged for
the Care and Use of Laboratoryv Animals. 2 min at 8800g. The supernatant was discarded.
Freshly excised livers from anesthesized rats and the DNA-coated cellulose pellets were
(250 g, 65 mg/ml sodium pentobarbital, 0.25 ml washed twice with I ml of HEPES buffer. The
injected i.p.) were rapidly weighed, minced with tip of the tube containing the DNA-coated
scissors, and homogenized in ice-cold 10mM cellulose pellet was sliced into a scintillation
HEPES buffer (pH 7.35 at 0 C, 2 ml buffer per vial, and the radioactivity was measured using
g of liver) with 10 strokes of a 40 ml Ten Broeck an LKB Rackbeta scintillation counter
tissue grinder (Thomas Scientific, Philadelphia, (Gaithersburg, MD). The background radio-
PA). The homogenate was centrifuged at activity which pelleted in the absence of DNA-
27,000g for 20 min at 0-4 C, and the resulting coated cellulose was subtracted from the
supernatant was centrifuged at IO0,O00g for I h radioactivity found in the DNA-coated cellulose
at 0-4-C. The supernatant was stored at -80'C pellet.
until use.

The 1O0,O00g supernatant was incubated at
0-4-C for 3 h with 50 nM [3H]triamcinolone Chromatin assay

acetonide (dissolved in 10% ethanol). Final Rat liver nuclei were isolated using the

ethanol concentration was 1% [25, 26]. The ice- method of Blobel and Potter [29]. Briefly, the
cold incubation solution was treated for 5 min freshly excised rat liver was minced and hom-
with DNA-coated cellulose to remove any non- ogenized as described above. The pellet from the
glucocorticoid receptor DNA binding pro- 27,000g centrifugation was resuspended in 5 vol
teins [27]. Following centrifugation for 5 min at of ice-cold TS buffer (0.25 M sucrose and
1500g, the resulting supernatant was treated for 10 mM TRIZMA BASE, pH 7.6 at O'C), filtered
15 min at 0C with dextran-coated charcoal to through layered gauze, and centrifuged at
remove unbound labeled steroid. The dextran- 27,000g for 10 min. The supernatant was dis-
coated charcoal was pelleted at 1500g, and the carded, and the pellet was resuspended in 2.2 ml
supernatant was heated for 45 min at 30'C [281 of ice-cold TS buffer. One ml of suspension was
in a shaking water bath. placed into two ultracentifuge tubes. With a
5514
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syringe and a long 13 gauge needle, 2 ml of TS size, YMC, Inc., Morris Plains, NJ) with aceto-
(KCI) buffer (1.8 M sucrose in 10 mM TRIZMA nitrile and an aqueous phase consisting of 0. I M
BASE containing 25mM KCI and 3 mM chloroacetic acid and 5mM d/-10-camphorsul-
MgCI2, pH 7.6 at 00C) was added to each tube. fonic acid, pH = 3.0 [321 and were detected elec-
Following vortexing, I ml of TS (KCI) buffer trochemically (BAS, West Lafayette, IN) in the
was carefully placed at the bottom of each oxidative mode using a glassy carbon electrod,,
centrifuge tube. The tubes were centrifuged at a Ag/AgCI reference electrode, and an applied
100,000g for 30min. After centrifugation, the voltage of 0.95 V. The retention times for the
supernatant was discarded and the sides of the sulfhydryl compounds WR 1065, WR 1729. and
tubes were cleaned. Chromatin was isolated WR 255,591 were 13 to 14 min at 5 % aceto-
from the pellet containing the nuclei essentially nitrile and for WR 151,326 was 6.4 min at 10%
as described by Simons et al. [301. The nuclei acetonitrile. No peaks were observed in this
were washed in 10vol of 0.01 M TRIZMA region for the phosphorothioate compounds.
BASE, pH 8.0 at 00C, and were then allowed to
swell in 3.5 vol of the same buffer for 2 h. The RESULTS
swollen nuclei were broken by sonication and
centrifuged at 27,000g for 15 min. The DNA Enhancement of GRC binding to double-stranded
content of the supernatant layer containing the calf thymus DNA -coated cellulose and rat liver

chromatin was measured by the method of chromatin by amine -containing suyfhydryl com-

Burton [31] except that propionaldehyde was Pounds
used in place of acetaldehyde. The binding of heat-transformed rat liver

Transformed GRC solution (80jp!) was GRC to double-stranded calf thymus DNA-
placed in triplicate 1.5-ml plastic tubes contain- coated cellulose and to rat liver chromatin
ing 200 pg of chromatin (100 p1), and 20p1 of increased up to 2.9- and 9.8-fold, respectively, in
either HEPES buffer or test compound dis- the presence of 2.5 or 5 mM concentrations of
solved in HEPES buffer. The samples were compounds containing the general formula XN-
vortexed and incubated at 0WC for 45 min. Fol- H(CH 2 ),NH(CH,),.SH where X = H or CH,,
lowing incubation, 0.8 ml of ice-cold 10 mM n = 3 or 5, and n' = 2 or 3 (Table 3). 2-Mercap-
HEPES buffer pH 7.35 at 0°C was added to toethylamine (WR 347) also enhanced GRC
each tube, and the samples were pelleted by binding, but only up to 1.5-fold (Table 3). The
centrifugation at 8800g for 4 min. The pellets diaminosulfhydryl compounds were also active
were washed twice with 1 ml of the same buffer. at micromolar concentrations as shown by the
The tip of the tube containing the chromatin enhanced binding of the GRC to the DNA-
pellet was sliced into a scintillation vial, and the coated cellulose in the presence of 125 to
level of radioactivity was measured. Triplicate 500 pM WR 1065 and WR 255,591 (Table 4).
samples with no chromatin but otherwise identi- The enhancement of GRC binding to DNA-
cal were incubated and washed simultaneously coated cellulose and to chromatin was dose
with samples containing chromatin. The back- dependent at the lower test compound concen-
ground radioactivity which pelleted in the ab- trations (Table 4). At 125 to 500 P M. 2-mercap-
sence of chromatin was subtracted from the toethylamine (WR 347) did not enhance GRC
radioactivity found in the chromatin pellet. binding (Table 4).

The experiments were designed so that the
Dephosphorylation of phosphorothioate corn- amount of GRC binding to DNA-coated cellu-
pounds lose or chromatin was relatively low, only up to

Phosphorothioate compounds (0.1 M) dis- 8% of total GRC, in the absence of test com-
solved in 10 mM HEPES buffer were incubated pounds. If the amount of heated cytosol was
with alkaline phosphatase for 15 min at 37°C. doubled or quadrupled without increasing the
The solutions were then filtered through cen- amount of DNA-coated cellulose, the amount
trifreer" ultrafiltration micropartition system of GRC binding to the DNA-cellulose in-
(Amicon Corp., Danvers, MA). Formation of creased 2.1 ± 0.2 and 3.9 + 0.2 times
the sulfhydryl derivative of the phosphoroth- (mean ± SD), respectively, for four experiments
ioate was analyzed by HPLC (Gilson, Madison, performed on separate days. No difference was
WI). The samples were eluted isocratically at observed between freshly prepared cytosol and
I ml/min through a 4.6 mm x 25 cm C8 reversed cytosol which had been frozen. If the amount of
phase column (5gm particle size, 120 A pore DNA-cellulose was quadrupled relative to the
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Table A. Fold-increase in binding of heat-transformed rat liver GRC to rat liver chromatin and double-stranded
calf thymus DNA-coated cellulose at millimolar test compound concentrations

DNA-coated cellulose
Chromatin binding' binding'

Test compound 2.5 mM, 5 mM' 2.5 mM
5  

5 mM

HNCH,CH.SH 1.4 _+0.1 (4) 1.5 -0,1 (4) 12 - 0 1 (4) 1 4 , 0 2 (3)
(WR 347)

HN(CH,:,NH(CH,):SH 8.7 _+ 32 (4) 6.9 t I (71) 2.1 10,6 71 2.o0 0.2 t6)
(WR 1065)

HN(CH INH(CH.-:SH 7.8 + 16 (4) 4.9 _ 1.5 (4) 1.9 - 05 i5, 2 0 -1 5 (6)
(WR 1729)

HCNH(CH,lNH(CH,)2SH 9.2 +4.5 (4) 9.8 -4.4 (5) 2 5 - I 1 (1) 2.9 - I 1 (61
(WR 255,5911

H,(CNH(CH~lNH(CH.),SH 1.9 ± 0.5 (5) 3.0 + 1.6 (5) 2.9 -2.0 -5 0 2 8 .-0 5 (3)
(WR 151,326)

HSCHCH(OH)CH(OH)CH.SH 1.1 ±0.1 (2) 0.9 +0.3 (2) 10 0.,1 12) 1.0 0 1 141

(Dithiothreitol)

"Results are given as the mean ± SD of the fold-increase of the binding observed in the presence o(t the test
compound with the number of determinations in parentheses. Each determination ,as performed on different
days. In the absence of test compound, 0.4 to 8% of the tritium label bound to DNA-coated cellulose and
0.2 to 3% of the tritium label bound to chromatin. l'H]Triamcinolone acetonide was the steroid ligand All
values are corrected for receptor precipitation in the absence of DNA-coated cellulose or chromatin

'Concentration of test compound.

amount of heated cytosol, the level of binding transformed. The aj o f•-' nfcarbon-14 radioac-
increased to 31-43% of the total amount of tivity found associated with tie DNA-coated
GRC. The GRC is being defined as the level cellulose when incubated in the preselc 0  of
of radioactivity of the sample following removal ['4C]WR 1065 and the transformed GRC corre-
of the unbound radiolabeled ligand by adsorp- lated with the amount of ['4C]WR 1065 present
tion to charcoal-coated dextran. These values relative to the amount of GRC.
are similar to literature values for the binding of Only the sulfhydryl compounds which con-
rat liver GRC to DNA-coated cellulose of tained a I or 2 amine group were found to
36% [19], 35-60% [33], 37% [34j, 11-21% [35], enhance DNA or chromatin binding of heat-
and 5-40% [36]. transformed GRC (Tables 3 and 4). Coin-

All test compounds were added to the incu- pounds with both a I and 2 amine group (WR
bations following heat-transformation of the 1065, WR 1729, WR 151,326, WR 255,591)
GRC in order to ensure that the observed effects were more effective than WR 347 which has
were not due to a differential amount of radio- only a I amine group. Dithiothreitol at 0.125 to
labeled steroid bound to receptor or in the 5 mM and thioglyccrol at 5 mM (data not
amount of transformed GRC formed in the shown), two compounds known to preserve and
heat-transformation step. No DNA or chro- restore the steroid binding capacity of the gluco-
matin binding occurred when the GRC was not corticoid receptor [8, 10, 12. 13, 16, 20, 21], do

Table 4. Fold-increase in binding of heat-transformed rat liver (CR( to double-stranded calf th% mus DNA-coated
cellulose at micromolar test compound concentrations

DNA-coated cellulose binding'

Test compound 500 p MM 250p M' 125 P M, 63pM'

HNCHCH5SH 1.0 ±0.1 (3) 0.79 + 0.07 (3) 0.87 -0.04 (3) --
(WR 347)

HNICH.),NH(CH,)2SH 4.3 ±0.4 (5) 2.6 +0.1 (5) 1.7 - 0.1 (5) -

(WR 1065)
HCNH(CH,lNH(CH,lSH 4.4 +0.6(3) 2.7 ± 0.2 (3) 2.0 +0.2)3)

(WR 255,591)

[H2N(CHh),NH(CH,9S]2  - 8.1 ± 1.5 (3) 4.2 0.3 (31 2.2 + 0.1 (3)
(WR 33.278)

[H2NICH 2,)NH(CH,),S] - 9.5 ± 3.5 (4) 8.9 + 2.0 (4) 6.0 ± 1.4 (2)
(WR 149.024)

HSCH 2CH(OH)CH(OH)CH,SH 1.2 + 0.2 (2) 1.01 + 0.01 (21 L.l ± 0.2 (2) -
(Dithiothreitol)

Ammonium chloride 0.84 ± 0.20 (2) 0.97 + 0.01 (2) 0.91 + 0.08 (21 -

'Results are given as the mean ± SD of the fold-increase of the binding observed in the presence of the test
compound with the number of determinations in parentheses. Each determination was performed on different
days In the absence of test compound, 0.7 to 8% of the tritium label bound to DNA-coated cellulose.
['HITriamcinolone acetonide was the steroid ligand. All values are corrected for receptor precipitation in the
absence of DNA-coated cellulose or chromatin.

'Concentration of test compound.
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not contain an amine group and had no effect formed GRC correlated Aith the amount of
on the amount of GRC which binds to either ['C]WR 149,024 present relative to the amount
DNA-coated cellulose or chromatin. 2-Mercap- of GRC. The percentage of ['4C]WR 149,024
topyridine at 5 mM was also without effect (data found associated with the DNA-coated cellulose
not shown). was similar to the amount of ['4C]WR 1065

found associated with the DNA-coated cellu-
Effect of phosphorothioate derivatives of active lose.
sulfhydryl compounds

Phosphorothioate derivatives of active Effect ofamine compounds which do not contain

aminosulfhydryl compounds, where the -SH Sulfur
group has been replaced by an -SPO,H, gro,,p. At 2.5 and 5 mM concentrations of ,mine
were ineffective in enhancing binding of the compounds which lack sulfur atoms, no en-
GRC to calf thymus DNA-coated cellulose. The hancement of GRC binding to calf thymus
compounds assayed were WR 2721, WR 2823, DNA or to rat liver chromatin was observed.
WR 151,327, and WR 3689, the phosphoro- The compounds (Table 2) assayed included
thioate derivatives of WR 1065, WR 1729, WR L-serine (the hydroxyl analog of L-cysteine).
151,326, and WR 255,591 (Table I), respect- L-lysine, and the diamino compounds, 1.5-pen-
ively. The extent of GRC binding to calf thymus tanediamine and 1,4-diamino-2-butanone,
DNA is unchanged in the presence of 2.5, 5, or which are analogous to the diaminosulfhydryl
10 mM of the phosphorothioate compounds. compounds in Table 1. Ammonium chloride at
Converting the phosphorothioate compound to 125 to 500 pM also had no effect on GRC
its sulfhydryl analog with alkaline phosphatase binding to calf thymus DNA (Table 4).
restored its ability to enhance GRC binding to
the same extent as its sulfhydryl analog. Alka- DIS(L SSION
line phosphatase Iad no effect on GRC binding.IThis study shows that amine-containing
Effect of disulfide analogs of selected amino- sulfhydryl and disulfide compounds enhance the
sulfhydrvl compounds binding of heat-transformed rat liver GRC to

The disulfide analogs of compounds WR double-stranded calf thymus DNA-coated cellu-
1065 and WR 1729 (WR 33,278 and WR lose and to rat liver chromatin. The compounds
149,024, respectively) at 2.5 and 5 mM caused assayed which did not contain both an amine
very high levels of sedimentation of heat-trans- group and a sulfhydryl or a group convertible to
formed GRC at 8800g and no apparent en- a sulfhydryl were ineffective. This result corre-
hancement of GRC binding to DNA-coated lates with the abundance of sulfhydryl and
cellulose or chromatin. Up to 50-fold more amine-containing cysteine. arginine. and lysine
tritium sedimented in the absence of DNA- residues in the DNA binding domain of the
coated cellulose or chromatin than in samples rat [231, mouse [37, 381. and human [39. 401 glu-
containing no test compound. The high level of cocorticoid receptor. In the crystallographic
sedimentation was concentration dependent, structure of the DNA binding domain of the rat
diminishing below I mM disulfide concen- glucocorticoid receptor complexed with
tration. In samples incubated with ['4C]WR DNA [411, 8 cysteine groups form 2 tetrahedral
149,024 in the absence DNA-coated cellulose, complexes with the zinc ions maintaining the
the amount of sedimentation of GRC correlated tertiary structure of the GRE. The arginine and
with the level of carbon-14 found in the sedi- the lysine residues form anchors to the DNA.
ment. Recent studies [5,42] have indicated that

Both WR 33,278 and WR 149,024 were GRC transformation is not a one-step process,
potent enhancers of GRC binding to DNA- but a more complex process in which the un-
coated cellulose at 63 to 250,u M, concentrations transformed GRC first dissociates heat shock
which did not cause high rates of sedimentation protein, then dimerizes to yield a high affinity
of the GRC complex in the absence of the DNA binding species. Dephosphorylation of
DNA-coated cellulose (Table 4). As occurred the receptor may also be involved [431. Thus, the
with the ['4C]WR 1065, the amount of carbon- mechanism by which the aminosulfhydryl and
14 radioactivity found associated with the aminodisulfide compounds enhance GRC bind-
DNA-coated cellulose when incubated in the ing may be either by maintaining the DNA
presence of [1"CWR 149,024 and the trans- binding region of the glucocorticoid receptor in
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a reduced basic form, by increasing the yield of 90% of the giucocorticoid receptor's binding
the high affinity DNA binding species, or by capacity in untreated cells[21]. Both WR
the aminosulfhydryl and aminodisulfide corn- 151,326 and WR 1065 were sh'l)wn to rapidly
pounds forming a complex or covalent linkage restore the glucocorticoid receptor's steroid
with the GRC and increasing the number of binding capacity when added to giucocorLi.oid
amine groups available for interaction with the receptor preparations whose steroid receptor
DNA. The latter possibility is consistent with binding capacity had been depleted over 90.
the experiments with carbon-14 radiolabeled Thus, the diaminosulfhydryl compounds have
aminosulfhydryl and aminodisulfide com- the highest capacity to both restorepreserve the
pounds which showed that the aminosulfhydryl glucocorticoid receptor's steroid binding ca-
and aminodisulfide compounds bound to the pacity and enhance GRC binding to DNA and
DNA-coated cellulose fraction. chromatin.

Although blockage of the sulfhydryl moiety The presence of disu!fide forms of the
of the diaminosulfhydryl compounds with a diaminosulfhydryl compounds at micromolar
phosphate group destroyed the activity of the concentrations apparently did not affect the
compounds, enzymatic removal of the phos- integrity of the sulfhydryl moieties of the DNA
phate group fully restored activity. Since the binding region of the glucocorticoid receptor
phosphate group is readily hydrolyzed by tis- since enhancement of GRC binding to DNA
sues [44 47], amine-containing phosphoro- was observed. However, unlike its sulfhydryl
thioate compounds have been studied clinically analog, the disulfide WR 33,278 has not shown
as a less toxic, orally abhoibed prodrug the ability to preserve the steroid binding ca-
of the amine-containing sulfhydryl corn- pacity of the rat liver glucocorticoid recep-
pounds [48-511. tor [21]. In contrast, the disulfide WR 149.024

Certain amine-containing sulfhydryl corn- was at least as effective as the diaminosulfhydryl
pounds display both the ability to preserve the compounds in preserving the glucocorticoid re-
steroid binding capacity of the glucocorticoid ceptor's steroid binding capacity [211.
receptor and to enhance the DNA binding of Thus, the amine-containing sulfhydryl and
the GRC. However, the sulfhydryl compounds disulfide compounds which appear to possess
with the highest activity for each individual both the ability to maintain glucocorticoid re-
property differed. The most active amine-con- ceptor ligand binding activity and enhance
taining sulfhydryl compound in our previous DNA binding of the GRC may augment the
study examining the capacity of the sulfhydryl physiological actions and pharmaceutical prop-
compound to preserve the steroid binding ca- erties of glucocorticoids. Kohama et al. [521
pacity of the glucocorticoid receptor[21] was recently reported antiinflammatory ac'.i'iL) for
mercaptoethylamine (WR 347), which was the the aminodisulfides bis(2-aminohexyl) disulfide
least active amine-containing sulfhydryl corn- and bis(2-amino-3-phenylpropyl) disulfide ad-
pound in the present study. In the presence of ministered either subcutaneously or orally.
10rmM mercaptoethylamine. the glucocorticoid Whether the antiinflammatory activity of the
receptor present in the 100,000g supernatant of disulfides is via enhancement of GRC binding to
rat liver homogenate retained over 80% of its DNA and whether augmentation of GRC bind-
binding capacity under conditions where un- ing to DNA or chromatin by aminosulfhydryl
treated cytosolic glucocorticoid receptor re- and aminodisulfide compounds translates into
tained <10% of its original binding capacity. increased transcription of glucocorticoid re-
Under the same conditions, in the presence of sponse genes is yet to be determined.
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